Modeled and measured bi-directional fluxes (BDFs) of ammonia (NH 3 ) were compared over fertilized soybean and corn canopies for three intensive sampling periods: the first, during the summer of 2002 in Warsaw, North Carolina (NC), USA; and the second and third during the summer of 2007 in Lillington, NC. For the first and the third experimental periods, the BDF model produced reasonable diurnal flux patterns. The model also produced correct flux directions (emission and dry deposition) and magnitudes under dry and wet canopy conditions and during day and nighttime for these two periods. However, the model fails to produce the observed very high upward fluxes from the second sampling period due to the fertilization application (and thus being much higher soil emission potentials in the field than the default model values), although this can be improved by adjusting model input of soil emission potentials. Model-measurement comparison results suggest that the model is likely capable for improving long-term or regional scale ammonia predictions if implemented in chemical transport models replace the traditional dry deposition models, although modifications are needed when applying to specific situations.
Introduction
Ammonia (NH 3 ) plays important roles in atmospheric chemical processes and biogeochemical cycles [1] [2] [3] . NH 3 is a major contributor to secondary inorganic aerosol compounds [4, 5] which affect air quality and have direct and indirect impacts on climate [6] . NH 3 and ammonium ( 4 ) represent important nutrients to the biosphere in some areas, and their deposition can fertilize nitrogen-limited ecosystems. NH 3 and 4 can also have detrimental effects such as eutrophication, soil acidification, and the loss of biodiversity in sensitive ecosystems [7] [8] [9] [10] .
The primary sources of NH 3 are animal waste, ammonification of humus followed by emission from soils, losses of NH 3 -based fertilizers from soils, and industrial emissions [11] . The majority of these emissions come primarily from biological processes, as well as from byproducts of agricultural and waste production and processing of both human and animal waste [12] [13] [14] . A significant fraction of NH 3 emitted from major sources can be dry deposited to local areas downwind of the source [15, 16] . However, measurements have shown that vegetation can be a source or a sink of atmospheric NH 3 [17] [18] [19] , and biological processes in soils enriched by reduced nitrogen (NH x ) can lead to emissions of NH 3 [20] .
Atmospheric chemical transport models (CTMs) are useful tools to assess pollutant fate and impact on ecosystems and to provide source-receptor relationships which can be used for making emission control policies. Anthropogenic NH 3 emission sources are mostly included in the input files of CTMs, but the biogenic emissions might not be treated properly due to the coupling process between dry deposition and emission. One approach proposed in the literature is to use a bi-directional flux (BDF) scheme to replace the dry deposition only scheme [21] . In comparison to the rather simplified dry deposition scheme (non-BDF) currently used in CTMs, the BDF scheme accounts for not only deposition but also emission over certain land-use types. Depending on the ambient mixing ratio, the BDF scheme could 1) lead to larger fluxes from the surface to the atmosphere [5, 17, 18, [22] [23] [24] [25] ; and 2) improve the performance of NH 3 prediction, leading to a better understanding of the ecosystem nitrogen budget.
Although the improvements to the parameterization methods involving vegetation-atmosphere bi-directional NH 3 exchange depending on the mixing ratios of NH 3 near the ground surface were reported recently in Europe and North America [26] [27] [28] [29] [30] , performance testing of the bi-directional exchange scheme and measurements is still under development in North America [31] [32] [33] [34] . A comprehensive review of the various recently-developed models for the air-surface exchange of NH 3 , as well as an in-depth examination of the theory and measurements from which the models are developed and tested, can be found in Flechard et al. (2013) [35] . In this study, we aim to evaluate the performance of the bi-directional dry deposition scheme of Zhang et al. (2010) [30] using measured bi-directional fluxes of NH 3 over fertilized soybean during the summer of 2002 in Warsaw, North Carolina (NC), USA, and over a fertilized corn canopy during the summer of 2007 in Lillington, NC. Another purpose of the study is to compare the air-surface exchange processes of NH 3 under various wetness conditions.
Methodology

Measurements
Measurements were carried out at two sites (Warsaw and Lillington, NC, USA) during three intensive sampling periods. One sampling period was in Warsaw, over a fertilized soybean field, and the other two sampling periods were in Lillington, over a fertilized corn canopy. These three periods capture the full range of flux conditions from deposition to strong emission. Measurements conducted over these two plants, and over a wide range of soil, vegetation, and atmospheric conditions, should help in understanding NH 3 flux characteristics over different land-use types. Several meteorological variables were also sampled at the same time as the flux measurements.
Warsaw (Site 1)
The first site (hereafter referred to as Site 1), was a 90 ha fertilized soybean [Glycine max (L.) Merr.] field in Warsaw, North Carolina. The bi-directional NH 3 fluxes were measured from 06/17/02 to 08/22/02 using the modified Bowen-ratio method. These data represent measurements of a soybean crop in the middle of its growing season and exposed to relatively high atmospheric NH 3 concentrations due to local fertilization and NH 3 emissions from nearby animal production facilities. The reader is referred to Walker et al. (2006) [19] for a more detailed description of the site and measurements.
Lillington (Site 2)
The second site was a 200 ha fertilized corn (Zea mays, Pioneer varieties 31G66 and 31P41) field in Lillington, North Carolina. The above-canopy NH 3 fluxes presented here cover two periods: from 06/21/07 to 06/29/07 (hereafter referred to as Lillington-A or Site 2a) and from 07/ 06/07 to 07/31/07 (hereafter referred to as Lillington-B, Site 2b), using the modified Bowen-ratio method. These data represent measurements of a corn canopy in the middle of its growing season and high in NH 3 due to fertilization with a urease inhibitor. An extensive description of these measurements can be found in [34] .
Data Grouping
To evaluate the bi-directional model and compare with measurements, the original measured datasets were prescreened with the condition that both the measured NH 3 concentrations and bi-directional fluxes must be available. Data were then grouped into different categories using criteria defined in Zhang et al. (2002) [36] as listed in Table 1 . The purpose of grouping the data this way is to investigate the air-surface exchange processes under different wetness conditions. Note that the model to be evaluated here also treats the non-stomatal uptake differently for dry and wet canopies.
The first group includes the entire dataset used in the analysis (G1), the second group is for a dry canopy with low relative humidity (RH) (G2), the third group is for dry canopy but with high RH (G3), and the fourth (G4) and fifth (G5) groups are for wet conditions caused by dew and rain, respectively. N is the number of halfhourly observations under each category. The data were also grouped as G2 and non-G2 (=G3 + G4 + G5) and separated into daytime (07:30-19:00) and nighttime (19:30-07:00) datasets for further comparison. During data pre-screening, observations grouped into G2 at a specific time were re-checked to determine if rain occurred at any point during the previous four records. If so, then the data were re-grouped into both non-G2 and G5 (Wet-Rain) groups. The total number of post-processed observations for Warsaw (Site 1), Lillington-A (Site 2a), and Lillington-B (Site 2b) were 1383, 307, and 546, respectively. All fluxes discussed hereafter refer to the post-screened data of the bi-directional fluxes of NH 3 .
Bi-Directional Flux Modeling
The bi-directional flux exchange over the leaf stomata and over soil in our BDF model is very similar to the two-layer model of Nemitz et al. (2001) [25] , and is similar in concept to the existing bi-directional air-sur- face exchange models developed for NH 3 [16, 21, 26, 34, [37] [38] [39] [40] . The major differences between our BDF and other models include 1) different positioning of R b (the quasi-laminar sublayer resistance) in the resistance analogy, 2) different parameterizations for resistance components, and 3) parameter values chosen for emission potentials over various land-use categories (LUCs).
The 
where  a is the ambient concentration at the reference height;  c is the ambient concentration at the canopy top;
R a is the aerodynamic resistance, a function of micrometeorological conditions only; and R b is a function of the friction velocity (u * ) and the molecular diffusivity of each chemical species. To reduce the uncertainty in the numerical simulation, the measured u * was used, when available, during the calculations. The direction of the flux is related to the difference between  a and  c , where a positive flux implies emission and a negative flux implies deposition. The reader is referred to Zhang et al. (2003 and [30, 41] for the detailed parameterization of the model.
Results
Summary of Measured Concentrations and Bi-Directional Fluxes of Ammonia
Compared with the non-BDF model, the BDF model requires the compensation points (at which flux change directions) over the stomata (χ st ) and over the soil (χ g ), which are given in μg·m −3 by [25, 42] :
A summary of the half-hourly concentrations and bidirectional fluxes of NH 3 measured during the three sampling periods is provided in Table 2 . The mean, minimum, and maximum values are shown for all five groups for both the daytime and the nighttime. A positive mean flux implies that emission was dominant, while a negative mean flux indicates that deposition was dominant during the given conditions.
3.1.1. Warsaw, Site 1, 06/18/02 to 08/22/02 where T st is the temperature of the leaf stomata (K), Г st is the stomatal emission potential (also known as the apoplastic ratio) at 1 atmosphere, T g is the temperature of the ground surface (K), and Г g is the soil emission potential. The emission potentials are defined as [38, 42] : , with mean and median values of 9.7 ± 6 and 9.0 μg·m −3 (N = 1383), respectively. These values from the post-screened dataset are comparable to hose of the original dataset reported by Walker et al. t [19] (0.01 to 43.9, 9.4, and 8.6 μg·m −3 , N = 1599). The differences in average concentrations were in the range of 10% -30% between day and night and between dry and non-dry conditions ( Table 2) . For the whole dataset (G1), the average flux was −6.6 ± 52 ng·m . Both emission and deposition fluxes were observed during the day or night and under dry or non-dry conditions. A net emission of NH 3 (4.9 ± 62 ng·m
) was observed under dry daytime condition while net deposition was observed under other conditions. , with mean and median values of 3.9 ± 1.5 and 3.6 μg·m −3 (N = 307), respectively. The differences in average concentrations were around 5% -30% between day and night and between dry and non-dry conditions. The measured flux ranged from 0.9 to 6342 ng·m , respectively. This means that only emission fluxes (no dry deposition fluxes) were observed during this period. The measured emission fluxes in the daytime were four-to-six times larger than those in the nighttime. Apparently, the fertilization of the corn field two weeks prior to the measurements was still contributing to the NH 3 , leading to strong emissions during both the daytime and nighttime [34] .
Lillington-
Lillington-B, Site 2b
, 07/06/07 to 07/31/07 NH 3 concentrations over the corn field during the month of July ranged from 0.5 to 7.5 μg·m −3 , with mean and median values of 1.6 ± 1 and 1.3 μg·m −3 (N = 307), respectively. No significant differences (mostly <10%) were found in the average concentrations under different conditions ( Table 2 ). The measured flux ranged from −230 to 811 ng·m , respectively. Similar to Lillington-A (Site 2a), small values, close in range, for the NH 3 concentrations were obtained for this sampling period at the same site. However, the mean measured positive flux in the daytime was 30 -34 times the flux in the nighttime, likely due to the higher friction velocity during the day and the smaller emission potential in the soil during this sampling period, as the effect of the fertilization is diminished. One can conclude that emissions were still the dominant bi-directional air-surface exchange pathway during the sampling period.
Diurnal Variations for Dry and Non-Dry
Datasets The diurnal patterns of the measured fluxes for G2 and non-G2 conditions are shown in Figure 1 , in which the original half-hourly data were averaged into hourly data. At Site 1 which had the lowest soil N among the three campaigns, fluxes were mostly downward during the nighttime and early morning and mostly upward from mid-morning to late afternoon under both dry and nondry conditions. At Site 2a which had the highest soil N content due to fertilization, upward fluxes were observed during most of the day and nighttime, and the fluxes were much higher during the day than the night and were also higher under dry than wet conditions. At Site 2b which had higher soil N than at Site 1 but lower N than at Site 2a, both upward and downward fluxes were observed during nighttime although daytime fluxes were mostly upward. With solar radiation warming the soil and leaf surfaces during the daytime, evaporation produces an emission from the soil and leaves, resulting in a higher emission flux. Theoretically, under non-dry conditions, water in the soil and dewdrops on the leaf surfaces can absorb NH 3 , thereby leading to lower emissions and therefore lower fluxes. Thus, wetness generally increases downward fluxes and decreases upward flux. However, very high pH in the surface droplets will reduce the ability of the canopy to absorb NH 3 under wet conditions and actually lead to higher emission fluxes during wet conditions. This phenomenon was actually observed during the Lillington corn experiment. Besides, the evaporation of morning dew can also increase upward fluxes. Apparently, the directions of fluxes and diurnal patterns depended on the meteorological and canopy conditions as well as the soil N content. Figure 2 shows the model-measurement comparisons of the diurnal variations of hourly-averaged fluxes for the three campaigns. Modeling simulations using the default parameters for the BDF model (LAI, Г st , and Г g , etc.) were conducted corresponding to the post-screened data. All 30-min data were averaged hourly, for both the measurements and the modeling estimates.
Model-Measurement Comparison
Diurnal Variation
As expected, the fluxes during the nights were lower than in the daytime, due to increased emissions from the soil caused by solar radiation and greater turbulent mixing during the day. In general, the mean flux gradually increased in the morning after 08:00 and reached a peak approximately five or six hours later. The highest flux was commonly observed between 12:00 and 16:00. The diurnal variation profile of the measured flux peaked at 14:00 and 13:00 at Site 1 (Figure 1(a) ) and Site 2b (Figure 1(c) ), respectively. The top three mean fluxes of NH 3 at Site 2a were observed at 09:00, 10:00, and 14:00. The first two peaks were mainly caused by the very large fluxes observed during the daytime on 06/22/07 (DOY 173), 06/24/07 (DOY 175), and 06/26/07 (DOY 177), which are most likely a result of a combination of a rainfall and then soil warming which caused a reaction in the fertilizer in the soil [34] .
The model captured the observed diurnal trends well at Site 1 and Site 2b. The resulting modeled and measured fluxes were found to be in good agreement during these two campaigns. The modeled and measured fluxes were −1.9 ± 28 and −6.6 ± 52 ng·m (Figure 1(b) ) (see Section 3.3 for more discussion) and corresponding soil emission potential ( g ).
Comparisons under Different Meteorological
Conditions To evaluate the performance of the BDF model under different meteorological conditions, the statistics of the measured and modeled fluxes for groups G2-G5 in the daytime and nighttime for Site 1 and Site 2b are shown in Figure 3 . The model performed reasonably well compared to the measurements. For example, the model produced correct flux directions and magnitudes at both Site 1 and Site 2b under the majority of conditions during both day and night periods. There were a few cases when the model differed significantly from the measurements. These include day and nighttime dry conditions at Site 1 when the model produced too high emission fluxes than the measurements, daytime dew condition at Site 2b when the model did not produce as high emission fluxes as measurements, and daytime rain condition at Site 1 and nighttime rain condition at Site 2b when the model produced more deposition than emission fluxes while the measurements showed the other way around. For Site 1, slightly decreasing the soil emission potential used in the model should improve the model's overall performance at this site. For Site 2b, the large range of measured flux values under daytime dew conditions would not be achieved by simply modifying one or two model default parameters because the observed phenomena were caused by a combination of various meteorological and chemical conditions that were not all considered in the BDF model. Overall, the BDF modeled fluxes were significant improvements compared to the non-BDF model results which would only have downward fluxes.
Sensitivity Tests
The initial results from the BDF model, such as the mean fluxes and trends in the diurnal variation, agree well with the measurements for Sites 1 and 2b using the default model parameters as discussed above. However, due to the much high soil N content at Site 2a, the model fails to produce the high emission fluxes during the daytime. The measured Г g (=[NH 4 ]/[H + ]) at this site ranged from 180 to 2,523,893, with mean and median values of 120,482 ± 315,700 and 15,356, respectively. In comparison, the model default value of Г g is 5000. Thus, model sensitivity tests using larger Г g values were conducted (Figure 4 ). An addition test was also included by changing the surface roughness length which was expected to change resistance terms and then modeled fluxes. When Г g was increased to 50,000 (Test 1), which was 10 times larger than the model default value but was less than half of the measured average value, modeled upward fluxes increased substantially and matched the measured values during afternoon and evening time, although still lower than measured values during early morning and late nighttime. When Г g was further increased to 65,000 (Test 2), modeled upward flux matched measured values from mid-morning to noon time, higher in the afternoon, still lower in the early morning. As mentioned earlier, the high fluxes observed at 09:00-10:00 were caused by the very large fluxes from three days (DOY 173, 175 and 177). Using a Г g smaller than the measured median value cannot generate such high fluxes.
Using the same Г g as in Test 2 but using a larger roughness length (Test 3), modeled fluxes also increased slightly during daytime. The average modeled and measured fluxes were 447 ± 527 and 489 ± 771 ng·m , respectively, from sensitivity Test 3. The above sensitivity tests suggest that Г g is the most important model parameter for agricultural landscapes, although other parameters also play a role in the model fluxes. The model can capture the large diurnal upward fluxes if more realistic soil emission potential parameter is available. 
Conclusions
A bi-directional flux of the atmospheric NH 3 model was ments can be achieved. However, when applying the model in regional scale chemical transport models, care should be given to the choice of soil emission parameters. This is because anthropogenic emission is most likely included in a separate emission input file. The bi-directional flux model should not introduce additional high emission flux if that is already considered in emission inputs. This will not be a concern when applying the model to specific sites.
While soil emission is more important than leaf stomata emission over agricultural landscapes, it is the other way around over natural forests. Thus, data should be collected over forest areas and used for evaluating the model. The model should also be evaluated at regional scales when implemented into chemical transport models. This work is underway for the Canadian air quality models [43] .
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